1. Introduction {#sec1-1}
===============

Second-harmonic generation (SHG) imaging microscopy relies on a nonlinear interaction of tightly focused ultrashort infrared (IR) laser pulses with noncentrosymmetric quasi-crystalline arrangement of optically hyperpolarizable molecules (harmonophores) causing scattered coherent radiation at twice the fundamental frequency \[[@r1]\]. SHG is essentially an instantaneous phenomenon compared to fluorescence and all the incoming energy is converted into scattered photons. The nonlinear nature of this optical process requires high peak intensities (GW to TW.cm^−2^ for femtosecond laser) that may induce photodamage and irreversible sample modifications when used above a certain threshold \[[@r2],[@r3]\].

Alternatively, the high-peak intensities, high-spatial selectivity and confinement to subfemtoliter focal volume of two-photon excitation (TPE) \[[@r4],[@r5]\] has been exploited in cell biology for photo-activation of single molecule \[[@r6]\], fluorescence photo-bleaching recovery \[[@r7]\] cell transfection consecutive to plasma-membrane permeabilization \[[@r8]\], nanodissection of human chromosome \[[@r9]\] reactive oxygen species (ROS) production \[[@r9],[@r10]\] and photodynamic therapy \[[@r11]\].

In contrast to several studies considering DB sarcomeric SHG patterns as the main feature in skeletal muscle \[[@r1],[@r12]--[@r17]\], we have shown that the predominant feature of sarcomeric SHG pattern is SB in physiological condition \[[@r18]\] and that this pattern is converted to DB during proteolysis, mechanical and chemical stresses \[[@r19]\]. In this report, we took advantage of supra GW peak intensities delivered by femtosecond IR laser to demonstrate *in situ* direct time lapse photo-conversion of physiological sarcomeric SB SHG pattern into DB indicating that this latter pattern should be considered as a signature of sarcomere alteration. The increase in DB sarcomeric pattern was mimicked and enhanced by the oxidant agent hydrogen peroxide (H~2~O~2~). The possible involvement of ROS production as a mediator of this nonlinear photo conversion is discussed.

2. Experimental methods {#sec1-2}
=======================

2.1 Tissue preparation {#sec2-1}
----------------------

Premetamorphic stage 48-55 *Xenopus laevis* tadpoles (national breeding facility of xenopus animals in Rennes, France) were anesthetized in MS222 (0.5 mg.mL^−1^). They were used either fresh in appropriated saline medium, or fixed with 4% paraformaldehyd (PFA) at 4°C overnight. For SHG imaging, the tails were cut and mounted in the imaging chamber (POC System, Pecon), in Mark's Modified Ringer (MMR), stabilized between two coverslips.

2.2 Imaging system {#sec2-2}
------------------

Images were acquired on PIXEL (<http://pixel.univ-rennes1.fr/>) facility of GIS EUROPIA, (University of Rennes1, France) based on a Leica TCS SP2 confocal scanning head coupled to a DMIRE2 inverted microscope and equipped with an IR 80 MHz femtosecond laser (MAITAI, Spectra Physics).

The laser beam was focalized through a water immersion 1.1 NA objective (LUMFl 60XW, Olympus). A motorized rotation stage (PR50CC, Newport) equipped with an achromatic zero-order Quartz-MgF~2~ half-wave plate was used in order to adjust the mean power of the laser beam at the sample. The SHG signal was collected in a forward direction using a 0.90 NA multi-immersion condenser (model 501000, Leica). A BG39 bandpass filter and a 470 ± 5 nm interference filter were placed in front of the PMT.

2.3 Image acquisition protocol {#sec2-3}
------------------------------

We measured the PSF (point spread function) using 0.17 µm subresolution fluorescent beads and we found 0.44 µm and 2.0 µm of FWHM respectively for lateral and axial resolution. In most measurements, the laser power at the output of the objective lens was 27-50 mW, corresponding to peak power densities of 1.1- 2.0 TW.cm^−2^.

All images were acquired using either a single (pre-conversion step) or a time-lapse frame protocol (photo-conversion step) from 3 to 5 different tadpoles and 7-12 different randomly chosen fields. During the pre-conversion step, a 30 X 30 µm^2^ randomly chosen field of view is scanned during 10 s (512 X 512 pixels, 4 lines-averages, 10 µs pixel dwell time). During the photo-conversion step, the previous field of view is zoomed by a factor of 2 (15 X 15 µm^2^). A time lapse sequence is performed up to 10 min. Each frame of the time lapse last 20 s (512 X 512 pixels, 8 lines-averages, 10 µs pixel dwell time). Thus the energy deposition is 8 fold higher than in the pre-conversion step. Each measurement was performed at both 780 and 940 nm excitation wavelengths. The images were acquired from muscle tissues localized at depth 150-200 µm below the skin surface of each tadpole. Because of light scattering the focalized intensity decreases with the depth inside the sample. To compensate for this effect we adjusted the IR power to obtain the same SHG image intensity deep inside the sample as close to the surface, while the PMT voltage was kept constant.

2.4 Image and data analysis {#sec2-4}
---------------------------

The images were analyzed with the open source ImageJ software (<http://rsb.info.nih.gov/ij/>). A Gaussian blur filter of a 2 pixels radius was first applied to each image.

The proportion of SB and DB sarcomeric SHG patterns were quantified for each frame using pixel intensity profile analysis along myofibrils main axis \[[@r18]\] and the half-time latency (τ~1/2~) corresponding to 50% of SB to DB conversion was determined for the time lapse protocol.

Average sarcomere size was obtained along randomly chosen lines covering 6 -- 10 sarcomeres. This value was determined for a number *n\>*10 of randomly chosen fields for each experimental condition and the mean of these averages was calculated.

3. Results {#sec1-3}
==========

We checked that the pre-conversion acquisition protocol did not alter the sarcomeric SHG pattern for two excitation wavelengths, namely 780 and 940 nm. The result is shown in  [Fig. 1(a)](#g001){ref-type="fig"} Fig. 1Typical SHG images illustrating the laser-induced SB to DB sarcomeric SHG pattern conversion obtained at 780 nm excitation wavelength. (a) and (b) are examples of pre- and post-conversion single frame protocol images obtained respectively before and after the photo-conversion time-lapse protocol (c) (see Experimental Methods section). In (c), thumbnail strips are representative of the photo-conversion time-lapse sequence (left- right and top-down) and were realized in the dot-delimited area in (a) and (b). (d) Raw pixels intensity (*I~pix~*) profiles (8-bit scale) along indicated lines in the first and the last frames in (c). Note that the first and last thumbnail and their corresponding intensity profiles at indicated lines are labeled "0 s" and "286 s" which correspond to their acquisition time within the sequence. Note the progressive spatiotemporal (left to right) "wave-like" propagation of sarcomere SHG pattern duplication within the sequence. Both thumbnail and intensity profile plots indicate a great contrast reduction suggestive of photodamage. This photodamage is accompanied by a SB to DB conversion which was slightly propagated beyond the zoom area in (b) in an anisotropic manner, following the long axis of myofibrils. for 780 nm excitation wavelength. The intensity profile analysis of the sarcomeric SHG signal resulted in 98 ± 5% (*n* = 12) and 93 ± 7% (*n* = 8) predominant SB sarcomeric SHG pattern respectively for 780 and 940 nm excitation wavelength, as quantified in [Table 1](#t001){ref-type="table"} Table 1Quantification of sarcomeric SHG signals in different experimental conditions as indicated in the table***^a^***780 nm940 nmProtocol 1Protocol 2Protocol 1Protocol 2ControlSB (%)98 ± 50 ± 093 ± 792 ± 6 τ~1/2~ (min)2.17 ± 0.13 Sarcomere size (µm)2.16 ± 0.042.08 ± 0.092.18 ± 0.032.23 ± 0.04 PFASB (%)95 ± 495 ± 4ndndSarcomere size (µm)2.39 ± 0.082.41 ± 0.06ndndH~2~0~2~SB (%)58 ± 60 ± 072 ± 853 ± 6 τ~1/2~ (min)0.41 ± 0.02\> 10 Sarcomere size (µm)2.25 ± 0.052.17 ± 0.102.29 ± 0.082.24 ± 0.11***^a^***Protocol 1 and protocol 2 correspond respectively to single frame pre-conversion and time lapse photo-conversion protocols defined in Experimental Methods section. The H~2~0~2~ and PFA recordings conditions correspond to tadpoles that respectively received 5 µL of hydrogen peroxide (90 mM) injected in the heart and have been fixed in parafolmadehyd (see Experimental Methods section). The three lines of each experimental condition (control, PFA and H~2~0~2~) have the following meaning. Mean percentage and standard error of the mean ( ± SEM) of SB sarcomeres; half-time latency (τ~1/2~) for 50% SB to DB sarcomeric SHG pattern conversion; mean size and standard deviation ( ± STD) of sarcomeres; the mean percentage has been determined using intensity profile analysis (18); "nd" means not determined.. These results are in agreement with our previous reports \[[@r18],[@r19]\]. Repeating the pre-conversion protocol every 26 s, for 10 min did not affected the sarcomeric SHG patterns (data not shown). This latter protocol was not repeated for all further experiments.

However, the photo-conversion protocol, corresponding to an 8 fold increase in energy deposition compared to the pre-conversion protocol (see Experimental Methods section) was found to induce a spatiotemporal SB to DB sarcomeric SHG pattern conversion ([Fig. 1](#g001){ref-type="fig"}) but only for the 780 nm excitation wavelength, as quantified in [Table 1](#t001){ref-type="table"}. The appearance of sarcomeric DB induced by the 780 nm excitation wavelength is similar to the effect that we have previously observed in muscle during proteolysis, mechanical and chemical stresses \[[@r18],[@r19]\]. All the sarcomeres in the imaging field of view were always fully converted into DB SHG pattern in less than 10 min. The half-time latency (τ~1/2~) for 50% SB to DB conversion was found to vary between 52 s and 4 min ([Fig. 2](#g002){ref-type="fig"} Fig. 2Kinetic of laser-induced SB to DB sarcomeric SHG pattern photo-conversion. Percentages of DB were determined from the photo-conversion time lapse protocol (see Experimental Methods section). Filled circle without error bars, filled diamond without error bars and filled circle with error bars represent data respectively from the fastest, slowest and average kinetics observed.) and the average calculated value for 12 different fields from 4 tadpoles was 2,17 min ± 8 s ([Table 1](#t001){ref-type="table"}). We found that the slight apparent decrease in sarcomere size during the SB to DB photo-conversion ([Table 1](#t001){ref-type="table"}) was not significant, therefore excluding the rise in intracellular calcium, a contraction inducer, as the trigger of this photo-conversion process. We also performed a polarization dependent study of the SHG intensity profile before and after photoconversion. The effective orientation angle θ of the harmonophores relative to the myofibril main axis was found to be respectively 62 ± 1 (n = 5) and 61 ± 1 (n = 6) for pre and post conversion measurements. This value corresponds to the pitch angle of the single α helix of myosin, in agreement with our previous finding \[[@r20]\] indicating no significant difference of the orientation of the harmonophores. Conversion of SB to DB is often followed by contrast reduction as shown in [Fig. 1(d)](#g001){ref-type="fig"} suggesting a decrease of the density of the harmonophores. We often noticed that the SB to DB conversion was slightly propagated beyond the zoom area in an anisotropic manner, following the long axis of myofibrils ([Fig. 1(b)](#g001){ref-type="fig"}).

When the same photo-conversion protocol was applied at 940 nm excitation with similar mean powers, no significant SB to DB conversion was observed for times up to 10 min of recording as quantified in the [Table 1](#t001){ref-type="table"}.

Altogether these results suggest that sarcomeric SHG pattern photo-conversion is obtained selectively for 780 nm excitation wavelength and for peak power at the output of the objective of 1.1--2.0 TW.cm^−2^.

Following Hopth et al. \[[@r2]\] we assume that photo-conversion manifests itself when noxious substance, generated at rate r~D~, surpasses a certain threshold concentration
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In [Eq. (1)](#e1){ref-type="disp-formula"} τ~th~ represents the time to reach the threshold concentration. Unlike Hopth et al. \[[@r2]\], we deduced from [Fig. 2](#g002){ref-type="fig"} that r~D~ is not a constant and its value might depend on the spatial position of each sarcomere. Therefore τ~th~ is proportional to τ~1/2~. Assuming that the noxious substance is generated as a multiphoton process we have $r_{D} \propto I^{\upsilon}$, then the dependency of τ~1/2~ with incident laser power *I* follows:
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We next determined the log-log relationship between the half-time latency ((τ~1/2~)) to sarcomeric SHG pattern photo-conversion and the laser power intensity (I) at the output of the objective lens ([Eq. (2)](#e2){ref-type="disp-formula"}). The slope of the best linear regression fit of the data points yield the nonlinear power order υ = 3.1 ([Fig. 3](#g003){ref-type="fig"} Fig. 3Influence of the laser mean power intensity (I) on SB to DB sarcomeric SHG pattern photo-conversion kinetic. The incident laser power was varied and the half-time (τ~1/2~) until 50% SB to DB conversion was determined. Each symbol represents value from distinct field of view. Care was taken to maintain the focal plane at the same z position within the sample. The logarithm of the half-time latency τ~1/2~ was plotted against the logarithm of the laser power intensity (I) at the output of the objective lens. Fits were obtained by linear regression with the following equation: log (τ~1/2~) = 5.8 -- 3.1log (I); R = 0.94.) which is close to υ = 2.5 found for photodamage observed in neurons \[[@r3]\] and bovine adrenal chromaffin cells \[[@r2]\]. Incidentally, as expected for a two-photon nonlinear optical process, the log-log plot of the SHG and auto-fluorescence intensities as a function of the laser power intensity (I) yielded υ values of respectively 1.9 and 2.0 (data not shown).

We further asked whether a vital biochemical mechanism could be involved in this process. To this aim, tadpoles were fixed in PFA 4% to prevent these biochemical mechanisms. In this condition, when the photo-conversion time lapse protocol was applied, the sarcomeric SHG pattern remained predominantly SB at 780 nm as quantified in [Table 1](#t001){ref-type="table"} and therefore these experiments were not extended at 940 nm.

Since it has been shown that near IR laser at mean power above 7 mW could induced ROS \[[@r9],[@r10]\], we tested the hypothesis that ROS could mediate the laser-induced SB to DB conversion. To this aim, tadpoles were injected with 5 µL of 90 mM hydrogen peroxide (H~2~O~2~) diluted in MMR and sarcomeric SHG images were recorded at least 30 min later. For pre-conversion single frame protocol, we found that tadpoles injected with H~2~O~2~ had significant SB to DB conversion as illustrated in [Fig. 4](#g004){ref-type="fig"} Fig. 4Laser-induced alteration of sarcomeric SHG pattern at 940 nm excitation in the presence of hydrogen peroxide (5 µL, 90 mM) injected in the heart of tadpoles. (a) and (b) are examples of pre- and post-conversion single frame protocol images obtained respectively before and after the photo-conversion time lapse protocol (c) (see Experimental Methods section). (c) Thumbnail strips representative of the photo-conversion time lapse sequence (from left to right) realized in the dot-delimited area in (a) and (b).(d) Raw pixels intensity (*I~pix~*) profiles (8-bit scale) along indicated lines in the first and the last frames. Note that the first and last thumbnail and their corresponding intensity profiles are labeled "0 s" and "520 s" which correspond to their acquisition time within the sequence. and [Fig. 5](#g005){ref-type="fig"} Fig. 5Laser-induced alteration of sarcomeric SHG pattern at 780 nm excitation in the presence of hydrogen peroxide (5 µL, 90 mM) injected in the heart of tadpoles. (a) and (b) are examples of pre- and post-conversion single frame protocol images obtained respectively before and after the photo-conversion time lapse protocol (c) (see Experimental Methods section). (c) Thumbnail strips representative of the photo-conversion time lapse sequence (from left to right) realized in the dot-delimited area in (a) and (b). (d) Raw pixels intensity (*I~pix~*) profiles (8-bit scale) along indicated lines in the first and the last frames are presented below the strips. Note that the first and last thumbnail and their corresponding intensity profiles are labeled "0 s" and "52 s" which correspond to their acquisition time within the sequence. Note the dark central zone of (b) corresponding to the dot-delimited area scanned during the photo-conversion time lapse protocol. The double headed continuous and dotted arrows represent respectively the favorable and unfavorable propagation direction of the effect of the laser outside the scanned area. Note that the propagation direction is quite parallel to the myofibril axis.. The proportion of SB sarcomeres was 58% (*n* = 7) for a 780 nm excitation and 72% (*n* = 8) for 940 nm. These results are distinct from those obtained in the absence of H~2~O~2~ and from our previous report \[[@r18],[@r19]\]. Applying the photo-conversion time lapse protocol in the presence of H~2~O~2~ results in a half-time latency τ~1/2~ of laser-induced SB to DB conversion that was drastically reduced at 780 nm (τ~1/2~ = 24 ± 11 s). τ~1/2~ was longer and not measurable in most experiments at 940 nm during the 10 min time lapse protocol; however the proportion of SB dropped from 72 to 53%, as illustrated in [Fig. 4](#g004){ref-type="fig"}, yielding an estimated τ~1/2~ of 23 min. We also found during this time lapse protocol, a great attenuation of the SHG signal at 780 nm as shown in [Fig. 5(d)](#g005){ref-type="fig"} indicating a significant reduction of the density of the underlying single α helix of myosin packed in thick filaments \[[@r20]\]. The average relative reduction of the SHG signal for 10 min exposition was found to be 95 ± 3%. We noticed that the laser-induced SB to DB conversion was extended out of the laser scanned area. This propagation was anisotropic, was quite parallel to the myofibril axis and limited as illustrated in [Fig. 5(b)](#g005){ref-type="fig"}.

Altogether these results suggest that the laser-induced SB to DB sarcomeric pattern photo-conversion could involve laser-induced production ROS as a prerequisite of muscle thick filaments disorganization and degradation.

4. Discussion {#sec1-4}
=============

The main finding reported in this study is that 780 nm excitation wavelength at peak power of 1.1 -- 2.0 TW.cm^−2^ at the output of the objective could be used to photo-convert the sarcomeric SB SHG pattern into DB in *Xenopus laevis* premetamorphic tail muscles. This photo-conversion was found to be a third order nonlinear process and was enhanced in the presence of hydrogen peroxide but was drastically reduced at 940 nm excitation wavelength. This effect was no longer observed in PFA fixed muscles.

This sarcomeric SHG pattern photo-conversion is an indication of muscle alteration in agreement with previous report implicating muscles proteolysis, mechanical and chemical stress \[[@r18],[@r19]\] and disease induced muscular lesions \[[@r21]\]. The selective SB to DB sarcomeric SHG pattern photo-conversion observed at 780 nm could be due to the destruction of the elastic titin molecule and M-band proteins involved respectively in centering and aligning myosin thick filaments with regards to Z-discs \[[@r22]\]. Misalignment of thick filaments has already been observed in eccentric contractions at the ultra-structural level \[[@r23]--[@r26]\]. The observed DB sarcomeric SHG pattern might be due to thick filaments misalignment resulting in inter-thick filaments centrosymmetry at the A-band as previously suggested \[[@r18]\]. The functional consequence of this DB sarcomeric SHG pattern should therefore be a decrease of both active and passive sarcomeric mechanical tension as was already demonstrated with ionizing radiations induced muscle titin degradation \[[@r23]\].

The photo-conversion of sarcomeric SHG pattern reported in this study is reminiscent of previous photodamages observed at mean powers above 7 mW (at the cell level) in different cell types. These photodamages concerned red blood cell lysis \[[@r27]\], Chinese hamster ovarian (CHO) cells division impairment \[[@r28],[@r29]\], rise in basal neuronal dendrites fluorescence \[[@r3]\] and abrupt rise in basal \[Ca^2+^\] in bovine adrenal chromaffin cells \[[@r2]\]. The SB to DB sarcomeric SHG pattern photo-conversion was selectively pronounced at 780 nm excitation wavelength and greatly reduced at 940 nm. This selectivity is in full agreement with previous wavelength-dependent photodamage reported for CHO cell division \[[@r28]\]. Single IR photon absorption induced photo-thermal effects are excluded to explain the photo-conversion of sarcomeric SHG pattern since (1) the power dependency of the effect is nonlinear (power order υ = 3), (2) the effect is reduced at 940 nm compare to 780 nm, (3) was not isotropic and (4) was not observed in PFA fixed muscles. This conclusion is in agreement with the nonlinear photodamage reported in CHO cells \[[@r28]\], bovine adrenal chromaffin cells \[[@r2]\] and basal neuronal dendrites \[[@r3]\]. Laser-induced plasma formation \[[@r29],[@r30]\] is also excluded (1) considering the reasons mentioned above, (2) the peak power is below the 10 TW.cm^−2^ threshold reported \[[@r30]\] and (3) significant photodamage at 940 nm was observed only in the presence of hydrogen peroxide suggesting the involvement of a biochemical process.

We found that the laser-induced sarcomeric SHG pattern photo-conversion could be extended out of the scanning area parallel to myofibrils axis (see [Fig. 5(b)](#g005){ref-type="fig"}), in the vicinity of regions where mitochondria use to be localized \[[@r31]\], suggesting their possible involvement in this laser-induced photo-conversion. A power order υ = 3 suggests that the endogenous photosensitizer involved in this photo-conversion might be a nonlinear three photons absorber. For an efficient laser power of 780 nm, this implies that the photosensitizer might have a single photon absorption wavelength of about 260 nm. Known abundant endogenous single photon absorber at this wavelength could be NAD/NADPH or NADP/NADPH that mainly localized in mitochondria \[[@r31],[@r32]\]. The oxidized NAD and NADP are not fluorescent in contrast to NADH and NADPH and they could contribute to photochemical reactions leading to the accumulation of an intracellular noxious substance like ROS (for review see \[[@r33]\]). For a photosensitizer absorbing at about 260 nm, a laser wavelength of 940 nm would necessitate an efficient four order nonlinear process to produce the noxious substance. This would imply higher peak power densities (largely above TW. cm^−2^) that we did not achieve in our recording condition, explaining why this longer wavelength was not efficient in inducing SB to DB photo-conversion.

It has been proposed that non linear IR laser photodamage might be related to time-dependent accumulation of noxious substance at suprathreshold peak powers \[[@r2]\]. In this model, the rate of this noxious substance accumulation depends on the exposure time. Considering this model, at suprathreshold peak powers the sarcomeric dwell time might be a key factor involved in the observed alteration of the sarcomeric SHG signal. It is therefore the switch from pre-conversion single frame to photo-conversion time-lapse protocol at constant peak power density resulting in 8 fold increase in sarcomere dwell time that enables the efficient accumulation of the noxious substance. Interestingly the significant increase in DB sarcomeric SHG pattern observed during the pre-conversion single frame protocol in the presence of H~2~O~2~ both at 780 and 940 nm combined to the reduced τ~1/2~ of laser-induced conversion of SB to DB suggest that oxidative stress could mediate this photo-conversion. The relation between oxidative stress, ROS production and photodamage has been highlighted in previous experiments with either single UV photon absorption \[[@r34]--[@r36]\] or two-photon near IR absorption processes \[[@r9],[@r37],[@r38]\]. We observed a spatial variation in the kinetics of SB to DB photo-conversion ([Fig. 1](#g001){ref-type="fig"} and [Fig. 2](#g002){ref-type="fig"}) with half-time latency from few seconds to several minutes indicating that the rate constant of accumulation of the noxious substance is spatially modulated. The anisotropic propagation of the laser-induced SB to DB sarcomeric SHG pattern conversion shown in [Fig. 5](#g005){ref-type="fig"} suggests that the biochemical subtract of ROS production might be compartmentalized and propagated outside the scanned area. Such extension of the photodamage outside the laser scanning area has been observed in dendrites of neurons (3). Interestingly it has been shown, in CHO cells, that laser-induced photodamage leads to increase auto-fluorescence of coenzyme-rich mitochondria \[[@r29]\] or their complete destruction \[[@r39]\] suggesting that mitochondria might be the cell compartment involved in ROS production.

This is the first report to our knowledge showing the modulation of sarcomeric SHG pattern by high intensity femtosecond laser illumination resulting in the conversion from predominant SB in physiological condition to DB after photodamage in xenopus tadpole tail muscles. The possible involvement of ROS is this photoconversion suggest that modulation of sarcomeric SHG patterns could be a useful marker for investigating oxidative stress effects in muscle function and diseases.
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